Pituitary growth hormone (GH) stimulates postnatal growth and metabolism. The role of GH and its receptor (GHR) during prenatal development, however, is still controversial. As shown by reverse transcription polymerase chain reaction (RT-PCR), bovine in vitro fertilization embryos synthesized the transcript of GHR from Day 2 of embryonic life onwards. Real time RT-PCR revealed that synthesis of GHR mRNA was increased 5.9-fold in 6-day-old embryos compared with 2-day-old embryos. Using in situ hybridization, the mRNA encoding GHR was predominantly localized to the inner cell mass of blastocysts. The GHR protein was first visualized 3 days after fertilization. GH-specific transcripts were first detected in embryos on Day 8 of in vitro culture. As shown by transmission electron microscopy, GH treatment resulted in elimination of glycogen storage in 6-to 8-dayold embryos and an increase in exocytosis of lipid vesicles. These results suggest that a functional GHR able to modulate carbohydrate and lipid metabolism is synthesized during preimplantation development of the bovine embryo and that this GHR may be subject to activation by embryonic GH after Day 8.
INTRODUCTION
Pituitary growth hormone (GH) controls postnatal growth and differentiation. The role of this hormone in early embryonic development, however, is still controversial. Because hypophysectomized mouse, rat, pig, and rabbit fetuses display almost normal intrauterine growth [1] , embryonic development has been considered independent of GH. However, growth of individuals with Laron-type dwarfism lacking GH receptors (GHRs) is significantly reduced, and litter sizes in GHR knockout mice are diminished [2] . Moreover, recent experiments have provided increasing evidence that GH and GHR are involved in embryonic and fetal development. Thus, a number of fetal cells, such as osteoblasts and hepatocytes, are stimulated in vitro by treatment with GH [3] [4] [5] , indicating the presence of functional GHRs. By using the reverse transcription polymerase chain reaction (RT-PCR), the GHR transcripts have been demonstrated in mice in fertilized eggs [6] , eight-cell-stage em- bryos [7] , blastocysts [6] , and embryonic stem cells [8] , suggesting a role for GH shortly after fertilization. In rats, GHR transcripts have been detected in 12-day-old embryos [9] .
The role of GH during early embryonic development is still unknown. When GH is administered maternally during pregnancy, there is an increase in placental weight [10] . Although administration of recombinant bovine GH in lactating dairy cows did not alter the growth of the 17-dayold conceptus [11] , several studies indicate that GH promotes blastocyst formation in vitro [12, 13] . These effects of GH on preimplantation development of embryos may be partially a result of increased uptake or utilization of nutrients by the embryo [6] .
The purpose of this study was to determine whether GH and GHR are expressed in bovine preimplantation embryos. Furthermore, we wanted to localize GH, GHR, and their transcripts during early embryonic development and to demonstrate GH-responsive functions during in vitro embryogenesis. Using RT-PCR, real time RT-PCR, nonradioactive in situ hybridization (ISH), and immunohistochemistry, we examined 2-to 10-day-old embryos derived by in vitro fertilization (IVF). Actions of GH on these embryos were studied by transmission electron microscopy, periodic acid-Schiff reaction, and amylase digestion.
MATERIALS AND METHODS

Collection of Oocytes, Maturation, Fertilization, and Culture
Ovaries of cows (Deutsches Fleckvieh breed) collected from a local slaughterhouse were transported to the laboratory in PBS at 30ЊC. Oocytes were aspirated from 2-to 8-mm follicles using a micro/macro suction apparatus (Labotect, Göttingen, Germany) and a 20-gauge needle. Under microscopic control, only oocytes with a multilayered compact cumulus oophorus and a dark, evenly granulated cytoplasm were selected for further maturation.
Maturation was performed in tissue culture medium 199 (TCM 199, Seromed, Germany) supplemented with 2 mM sodium pyruvate, 2.92 mM calcium lactate, 0.01 units of bovine FSH, 0.01 units of bovine LH (Sioux Biochemicals, Sioux Center, IA), 60 g/ml gentamicin (Sigma, St. Louis, MO), and 10% (v/v) estrous cow serum (ECS) in a humidified atmosphere of 5% CO 2 in air at 39ЊC for 24 h.
For IVF, frozen semen of bulls with proven fertility was used. Each straw was thawed in a water bath at 39ЊC for 10 sec. Motile spermatozoa were separated by a modified swim-up technique [14] in a Tyrode lactate solution supplemented with 6 mg/ml BSA fraction V (Sigma), 0.1 mg/ml sodium pyruvate (Sigma), and 50 l/ml gentamicin (Seromed). After washing and centrifugation, spermatozoa were resuspended to a final concentration of 1.0 ϫ 10 6 sperm/ ml. Following maturation, the cumulus-oocyte complexes were transferred to Tyrode albumin-lactate-pyruvate medium [15] supplemented with 6 mg/ml BSA (Sigma) and 10 g/ml heparin (Sigma). IVF was performed in a humidified atmosphere (5% CO 2 , 95% air) at 39ЊC. After 18 h, the cumulus cells were removed by vortexing for 2 min in 0.8 ml PBS supplemented with 6 mg/ml BSA. Presumptive zygotes were washed three times in synthetic oviduct fluid (SOF) supplemented with minimal essential medium essential and nonessential amino acids (Sigma) and 10% ECS. In vitro culture was performed according to Stojkovic et al. [16] . Groups of 30 presumptive zygotes were placed in 400 l of SOF medium covered by water-saturated paraffin oil (Merck, Darmstadt, Germany) and were cultured at 39ЊC in a humidified atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 .
For all experiments, only high quality embryos selected by light microscopy according to the morphologic criteria described by Kennedy et al. [17] were used. The effects of GH on the induction of receptor synthesis and on ultrastructure of the early embryo were investigated as follows. In three experiments, groups of 30 presumptive zygotes were cultured in 400 l SOF supplemented with 3 mg/ml polyvinylalcohol (PVA) and 100 ng/ml recombinant bovine GH (rbGH; Elanco, Greenfield, IN) for 2, 5, and 8 days, respectively. Control embryos were cultured in SOF supplemented with PVA. For elucidating GH-related effects, embryos were treated with GH (100 ng/ml) from Day 6 to Day 8 of embryonic life. Embryo culture was routinely performed at 39ЊC in a humidified atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 . All experiments were done three times. In each experiment, sets of 30-35 embryos were investigated.
Reverse Transcription Polymerase Chain Reaction
Before starting quantitative analyses, the presence of GH and GHR mRNA in different developmental stages of embryogenesis was determined by conventional RT-PCR. After 2-10 days, embryos were removed from culture, washed in PBS, and transferred to 125 l of Tripure reagent (Sigma, Deisenhofen, Germany). After vortexing, freezing at Ϫ70ЊC, and thawing, total cellular RNA was extracted according to the manufacturer's instructions. RNA was precipitated with 100% ethanol and stored under 70% ethanol until use. To obtain comparable amounts of RNA, different numbers of embryos were used with 125 l of Tripure reagent (twenty 2-to 6-day-old embryos, fifteen 7-to 9-dayold embyos, and ten 10-day-old embryos). In each stage of in vitro development, three different batches of embryos were used for RNA extraction and RT-PCR. All chemicals for RT-PCR were obtained from Boehringer Mannheim (Mannheim, Germany) unless stated otherwise.
The RNA pellet was diluted in 6. For PCR, 1ϫ PCR reaction buffer (10 mM Tris, 50 mM KCl, 1.5 mM MgCl 2 , pH 8.3), 0.4 mM dNTP, 4 units Taq polymerase, and 100 pmol of each primer were added to 20 l RT reaction in a total volume of 50 l. Control reactions were performed using RNA instead of cDNA for the PCR.
The sequences of the primers used for the amplification of bovine GHR cDNA were forward primer 5Ј-ACC CAG TGG AAA ATG GAC CCT T-3Ј (base pairs [bp] 610-634) and reverse primer 5Ј-CTG TCT GTG TCT GAC CCT TCA GTC-3Ј (bp 1074-1097) [18] . The primers for amplification of bovine GH cDNA were forward primer 5Ј-CCG GAG GGA CAG AGA TAC TC-3Ј (bp 222-241) and reverse primer 5Ј-GAG TGG CAC CTT CCA GGG TC-3Ј (bp 729-748) [19] . The amplification conditions were as follows: denaturation for 1 min at 94ЊC, annealing for 2 min at 60ЊC, and extension for 3 min at 72ЊC. A final extension at 72ЊC for 7 min followed after 29 cycles. The PCR products were analyzed on a 2% agarose gel and stained with ethidium bromide. The amplification products were purified and sequenced by Medigenomix (Martinsried, Germany).
Real Time RT-PCR
To quantitate developmental changes in GHR mRNA abundance, real time RT-PCR was performed. IVF embryos were removed from the medium on Days 2, 6, and 8. After washing in PBS containing 0.1% PVA three times, embryos were stored in pools of four at Ϫ80ЊC in 5 l PBS ϩ 0.1% PVA until use. Total embryonic RNA was isolated by adding 100 l embryo extraction buffer (0.2 M NaCl, 0.025 M Tris, pH 7.4, 0.01 M EDTA in RNase-and DNase-free diethyl pyrocarbonate [DEPC]-treated water), 75 l chloroform:isoamyl alcohol (24:1), 75 l RNA grade phenol, and 0.1 ng synthetic A-oligonucleotides. After vortexing, the homogenates were transferred to 250-l tubes (Minali, Geneva, Switzerland) and centrifuged (16 000 ϫ g) at room temperature for 15 min. The aqueous (top) phase was transferred to a new tube, mixed with 100 l chloroform:isoamyl alcohol (24:1), vortexed, and centrifuged again. The top phase was transferred to a 1.5-ml Eppendorf tube and gently mixed with 2 l seeDNA (Amersham Pharmacia, Amsterdam, The Netherlands) and 0.1 volume equivalents of 3 M sodium acetate. After addition of 2 volume equivalents of 100% ethanol, samples were vortexed briefly, incubated at room temperature for 2 min, and then put on ice for 10 min. After 30 min of centrifugation at 4ЊC and 16 000 ϫ g, the pellet was washed in 200 l ice-cold 70% ethanol. After centrifugation, the pellet was dried and dissolved in 20 l of DEPC-treated water.
For the RT reaction, 10 l of RNA sample was incubated for 5 min at 94ЊC, vortexed for 5 sec, and chilled on ice. RT was performed in a total volume of 20 l containing 50 mM Tris HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT, 1 mM each dGTP, dATP, dTTP, dCTP (MBI Fermentas, St. Leon-Rot, Germany), 600 ng/ml random hexamer primer (pN6; Roche Molecular Biochemicals, Mannheim, Germany), and 20 IU murine leukemia virus reverse transcriptase (Life Technologies, Eggenstein, Germany). The RT reaction was carried out at 40ЊC for 1 h and was terminated by incubation at 95ЊC for 5 min.
Quantification of mRNA abundance was performed by real time PCR detection using an ABI PRISM 7700 Sequence Detector (PE Biosystems, Weiterstadt, Germany) and SYBR Green (PE Biosystems) as a double-stranded DNA-specific fluorescent dye. Amplification mixes (25 l) contained 2 l cDNA solution, 10ϫ SYBR Green PCR buffer, 200 M dATP, dCTP, and dGTP, 400 M dUTP, 3 mM MgCl 2 , 4 pM of each primer, 0.25 IU AmpErase uracil N-glycosylase, and 0.625 IU AmpliTaq Gold DNA polymerase (PE Biosystems). Amplification primers (Table 1) were designed using the software Primer Express (PE Biosystems). PCR was started with 2 min at 50ЊC for AmpErase activation and 10 min at 95ЊC for denaturation. The program continued with 40 cycles of 15 sec at 95ЊC and 60 sec at 62ЊC. Each assay included duplicates of cDNA primed for GHR, cDNA primed for the reference gene glyceraldehyde phosphate dehydrogenase (GAPDH), a no-template control, and four dilutions of cDNA pooled from 16 embryos primed separately for each gene to calculate the corresponding amplification efficiency (E ϭ 10 Ϫ(1/b) Ϫ 1; where b ϭ the regression coefficient). The parameter C T (threshold cycle) is defined as the cycle number at which fluorescence intensity exceeds a fixed threshold. Relative mRNA expression for GHR was calculated using the formula:
The expression of the nonregulated housekeeping gene GAPDH was used for normalization. The relative expression levels of GHR obtained for the Day 2 and Day 6 embryos were referenced to the corresponding values of Day 8 embryos. Four pools of four embryos recovered from two independent IVP experiments were analyzed per embryonic stage. GHR and GAPDH mRNA were quantified simultaneously in one PCR run. The real time RT-PCR products were analyzed by gel electrophoresis. The identities of the amplified cDNAs of GHR and GAPDH were confirmed by purification and sequencing. Data for mRNA expression levels were analyzed using a one-way analysis of variance (ANOVA) followed by least significant difference (LSD) post hoc test. Data are presented as the mean Ϯ SEM. Significant differences between means (P Ͻ 0.001) are indicated by different superscripts.
In Situ Hybridization
After 2, 4, 6, 7, 8, and 10 days, embryos were removed from culture, washed in PBS, and transferred to 3-aminopropylene-ethoxysilane-coated slides. After drying, fixation in 4% paraformaldehyde (PFA), and dehydration in a graded series of ethanols (30-100%), the embryos were frozen at Ϫ70ЊC for at least 24 h. After thawing and rehydration, specimens were postfixed in 4% PFA in PBS and washed in PBS. The following ISH procedure was performed as described by Kölle et al. [20] with minor modifications: the treatment with 0.2 M HCl was omitted, and the incubation time in proteinase K was shortened to 4 min.
For hybridization, the sequence of the oligonucleotide probe was chosen according to the cDNA of bovine GHR [21] . The sequence of the antisense probe was 5Ј-TGG TCT GTG CTC ACA TAG CC-3Ј (bp 2067-2087). The oligonucleotides were synthesized, labeled with biotin, and purified by HPLC (MWG Biotech, Ebersberg, Germany). Hybridization was performed at 42ЊC for 16 h with the oligonucleotides diluted to a concentration of 20 ng/ml.
Specificity of hybridization was monitored in control experiments carried out with the sense probe 5Ј-biotin-GGC TAT GTG AGC ACA GAC CA-3Ј. To check background staining, hybridizations were also performed without oligonucleotides. Bovine liver was used as a control to check specificity of binding.
Immunohistochemistry
The monoclonal antibody mAb 263 (IgG K isotype) was produced by hybridoma technology from mice immunized against human GH affinity-purified rabbit and rat liver GHR [22] . MAb 263 recognizes a cross-species determinant with high affinity and does not cross-react with insulin or prolactin receptors [23] . This antibody has been validated extensively for immunohistochemical studies in rats, rabbits, and cattle [24] [25] [26] . Two-to 10-day-old embryos were mounted on coated slides as described above and snap frozen at Ϫ70ЊC. After thawing, specimens were hydrated in a graded series of ethanols (100-30%). Slides were blocked with normal rabbit serum (dilution 1:20 in PBS) for 1 h at room temperature. Specimens were incubated with the GHR mAb 263 at a dilution of 1:200 at 4ЊC overnight. The secondary antibody was biotinylated rabbit antimouse IgG (dilution 1:300; Dako, Hamburg, Germany). After incubation of the slides with avidin-streptavidin-biotin horseradish peroxidase complex (Dako) for 1 h at 20ЊC (dilution 1:150 in PBS-1% BSA), proteins were detected by 0.05% diaminobenzidine in PBS supplemented with 1% H 2 O 2 .
To optimize morphology, a part of the embryos was removed from the medium and washed in cacodylate buffer (0.2 M sodium cacodylate, pH 7.2). After fixation in Karnovsky fluid (2.5% glutaraldehyde, 2% formaldehyde in 0.1 M cacodylate buffer), embryos were postfixed in 1% OsO 4 and 1.5% KFe(CN) 6 . After dehydration in a graded series of ethanols, the embryos were embedded in Epon (Polysciences, Eppelheim, Germany). Semithin sections (1 m) were cut and mounted on polylysine-coated slides. Epon was removed from the sections by incubating the slides in 10% sodium methylate in methanol/benzol for 3 min, in methanol for 2 min, and in acetone for 2 min. The slides were then briefly washed in distilled water. The immunohistochemistry procedure was started by treating the embryos with 10% H 2 O 2 for 10 min. Incubations with normal serum, first and secondary antibody, avidin-streptavidin-biotin horseradish peroxidase complex, and diaminobenzidine/H 2 O 2 were performed as described above. Between each step, embryos were washed in PBS.
Controls were performed by 1) omission of the GHR antibody, 2) omission of the secondary antibody, 3) replacement of the GHR antibody by preimmune mouse serum, and 4) preincubation with rbGH (Elanco) in concentrations of 2, 3, and 4 g/100 l PBS for 1 h at room temperature. Adult bovine liver known to be rich in GHR was used as a positive control.
The monoclonal antibody directed against bovine GH has been validated with ELISAs and by Western blotting [27] . Thawing and blocking of specimens was performed as described above. Slides were incubated with the monoclonal GH antibody in a dilution of 1:400 overnight at 4ЊC. The secondary antibody was biotinylated rabbit anti-mouse IgG (dilution 1:300; Dako). Signals were visualized with avidin-streptavidin-biotin horseradish peroxidase complex (Dako) and diaminobenzidine/H 2 O 2 as described above. Controls were performed by 1) omission of the GH antibody, 2) omission of the rabbit-anti-mouse IgG, and 3) replacing the GH antibody by preimmune mouse serum. Adult bovine pituitary tissue was used as a positive control.
Transmission Electron Microscopy
To elucidate the effects of GH on embryonic ultrastructure, presumptive zygotes were cultured in SOF supplemented with 3 mg/ml PVA and 100 ng/ml rbGH (Elanco) until Day 2, Day 5, or Day 8 of in vitro embryogenesis. These embryos were compared with control embryos of the same age cultured in SOF-PVA without GH. To investigate GH-related effects, additional embryos were treated with GH only from Day 6 to Day 8 of embryonic life. For transmission electron microscopy, the embryos were removed from the medium and washed in cacodylate buffer (0.2 M sodium cacodylate, pH 7.2). After fixation in Karnovsky fluid (2.5% glutaraldehyde and 2% formaldehyde in 0.1 M cacodylate buffer), embryos were postfixed in 1% OsO 4 and 1.5% KFe(CN) 6 . To optimize diffusion conditions for embedment, a small incision was cut into the plasmalemma of the trophectoderm cells using a small needle. Embryos were then transferred to a drop of 20% BSA in cacodylate buffer. By adding 25% glutaraldehyde, the BSA was polymerized to a pellet containing the embryo. The pellet was dehydrated in a graded series of ethanols and embedded in Epon (Polysciences). To assess the cellular compartments of the embryos, semithin sections (1 m) were cut and stained with methylene blue. Ultrathin sections (50 nm) were mounted on grids, poststained with OsO 4 , and examined with a Zeiss electron microscope with magnifications from 5000 to 25 000.
Periodic Acid-Schiff Reaction and Amylase Digestion
The effects of GH on the amount and localization of glycogen, glycoproteins, and mucopolysaccharides during in vitro development of embryos were investigated by using the periodic acid-Schiff (PAS) reaction. To obtain optimal morphology of the IVF embryos, the basic procedure established for tissues [28] had to be modified. Eight-to 10-day-old embryos cultured with or without GH and 8-day-old embryos treated with GH from Day 6 to Day 8 were fixed and mounted on coated slides as described for ISH. After freezing and thawing, embryos were treated with 0.5% periodic acid for 5 min, washed in distilled water, and incubated in Schiff reagent (Merck) for 1 h. Subsequent washing was performed with sodium disulfite solution (1: 10 dilution of 10% sodium disulfite mixed with 1 N HCl in a ratio of 1:1). After washing in water, embryonic cells were counterstained with hematoxylin for 5-10 sec, dehydrated, treated with xylene, and mounted with Eukitt.
To distinguish between glycogen and other PAS-positive polysaccharides and glycoproteins, digestion of glycogen using the enzyme amylase was applied. Before starting the PAS reaction, embryos were incubated in 0.5% amylase at 37ЊC for 12 min. Localization of PAS staining was compared between embryos treated with amylase and embryos stained without amylase digestion. Adult bovine liver known to be rich in glycogen was used as a control for the PAS reaction and the enzyme digestion.
RESULTS
Reverse Transcription Polymerase Chain Reaction
RT-PCR analysis of bovine IVP embryos using GHR primers revealed an amplified cDNA fragment of 487 bp in 2-to 10-day-old embryos (Fig. 1a, lanes D-G) . Whereas there was only a very weak signal in 2-and 3-day-old embryos, a distinct band was visible in 4-to 10-day-old embryos. Six-day-old embryos regularly showed high amounts of amplified GHR cDNA (Fig. 1a, lane E) . Bovine liver known to be rich in GHR also displayed the amplification product (Fig. 1a, lane B) . Purification and sequencing of the PCR product confirmed the identity of the expected cDNA fragment of bovine GHR. Controls performed by using RNA instead of cDNA as template did not reveal any amplification product (Fig. 1a, lane C) .
RT-PCR analysis of 2-to 10-day-old bovine IVF embryos using GH primers showed an amplified cDNA fragment of 527 bp in 8-to 10-day-old hatched blastocysts (Fig.  1b, lanes C and D) . In 2-to 7-day-old embryos, no amplification product was visible (Fig. 1b, lane B) . Bovine pituitary gland known to be rich in GH also displayed the amplified cDNA (Fig. 1b, lane F) . Purification and sequencing of the PCR product confirmed the identity of the expected cDNA fragment of bovine GH. Controls performed by using RNA instead of cDNA as template did not reveal any amplification product (Fig. 1b, lane E) .
Real Time RT-PCR
The abundance of mRNA encoding GHR was calculated by using the standard curve method with determination of PCR amplification efficiency and normalization for GAPDH mRNA as the internal reference. Figure 2a shows the standard curves for calculation of the PCR efficiency of GHR and GAPDH. C T values obtained for GAPDH mRNA were rather similar in all embryonic stages (Table FIG. 2. Quantification of GHR mRNA during embryogenesis by real time RT-PCR. a) Standard curves for calculation of the PCR amplification efficiences (E) for GAPDH and GHR. One BRU (blastocyst RNA unit) is equivalent to 1/16 of the total RNA amount extracted from a pool of 16 blastocysts. b) Relative differences in mRNA abundance for GHR during embryogenesis. Expression of GHR mRNA was normalized for GAPDH expression. Normalized GHR expression data for D2, D6, and D8 embryos were analyzed by one-way ANOVA followed by the LSD post hoc test. The mRNA synthesis in D8 embryos was set at 1. Significant differences between means (P Ͻ 0.001) are indicated by different superscripts. 2). The expression of this housekeeping gene was assumed not to vary between the different stages. Means and standard errors of C T values for GAPDH and GHR are shown in Table 2 . The GHR mRNA expression levels in all three embryonic stages were normalized for the corresponding GAPDH values. Then the GHR mRNA expression levels in 2-and 6-day-old embryos (D2, D6) were compared with the GHR mRNA expression levels in 8-day-old embryos (D8) cultured in the same medium. The GHR mRNA abundance of 8-day-old embryos was set at 1; relative GHR mRNA expression in 2-day-old embryos was 0.9 and in 6-day-old embryos was 5.3 ( Fig. 2b) . ANOVA and the LSD post hoc test of normalized GHR expression values revealed significant (P Ͻ 0.001) differences in the synthesis of GHR mRNA in 2-day-old embryos as compared with 6-day-old embryos. There was no significant difference, however, in the relative amount of GHR mRNA in 2-and 8-day-old embryos ( Fig. 2b) . Gel electrophoresis revealed the amplified cDNAs of GHR and GAPDH as bands of the expected sizes (data not shown). Identity of the amplified cDNAs was confirmed by purification and sequencing.
In Situ Hybridization
In 2-to 5-day-old IVF embryos, the amount of mRNA encoding GHR was too low to be detected by nonradioactive ISH. At the early embryonic age of 6-7 days, small amounts of the transcript were localized in the inner cell mass (ICM) of early blastocysts. Especially during hatching of the blastocyst at Days 7-8, distinct labeling of the ICM was visible (Fig. 3a, arrow) . As shown by control sections, labeling of the zona pellucida is not specific to GHR. In 8-to 10-day-old hatched blastocysts, distinct amounts of GHR mRNA were found in the cells of the embryonic disc (Fig.  3b) . Controls performed by using the sense oligonucleotide or omitting the oligonucleotide showed no signal. Bovine liver used as reference and control organ always displayed distinct staining in the cytoplasm of the liver cells.
Immunohistochemistry
Growth hormone receptor. GHR immunoreactivity was first observed in the cytoplasm of 3-day-old embryos (Fig.  4a) . From Day 5 onwards, GHR staining was visible in both nuclei and cytoplasm of the blastomeres or ICM (Fig. 4, b  and c) . Omission of the GHR antibody or of the secondary rabbit anti-mouse IgG or replacement of the GHR antibody with preimmune mouse serum yielded no staining. Preincubation of specimens with bGH in concentrations of 2 or 3 g/100 l PBS reduced labeling of the embryonic disc in 8-day-old embryos, and concentrations of 4 g GH/100 l PBS eliminated staining in the inner cell mass. Adult bovine liver used as positive control tissue regularly displayed distinct staining in the cytoplasm of the hepatocytes.
Growth hormone. In contrast to the receptor protein, GH immunoreactivity was not detected from Day 2 to Day 10 of in vitro embryogenesis. Pituitary cells, which served as a positive control, always revealed distinct staining for GH. Controls performed by omitting the primary or secondary antibody or replacing the GH antibody with preimmune serum did not stain. 
Transmission Electron Microscopy
Comparative electron microscopic studies of 8-day-old embryos cultured with or without GH showed a clear differentiation of ICM cells and trophoblast cells surrounding the blastocoel. Whereas the polyhedral ICM cells had a spherical nucleus with large nucleoli, the flattened trophoblast cells were characterized by an oval nucleus and occasional mitotic figures. In both groups, the microvilli of the apical membrane of the trophoblast cells were well developed. The most conspicuous and abundant organelles were mitochondria, characterized by round to elongated shape and transverse cristae. Embryos of both groups revealed well-developed Golgi apparatus and rough endoplasmatic reticulum. The intercellular spaces and the junctional complexes were similar in form and number in both groups. Distinct differences between control embryos and embryos cultured with GH were seen in the accumulation of glycogen in the intercellular spaces and in the cytoplasm of the embryonic cells. Whereas 8-day-old control embryos showed considerable amounts of glycogen in cells and intercellular spaces (Fig. 5a, asterisk) , glycogen storage was absent in 8-day-old embryos cultured with rbGH (Fig. 5b) . However, when comparing GH-treated 2-day-old embryos, 3-day-old embryos, and 5-day-old morulae with the respective control embryos, no changes in amount and distribution of glycogen were found. Whereas in both groups of 2-day-old embryos only single glycogen granules were occasionally observed in the cytoplasm, extensive cytoplasmic and intercellular accumulation of glycogen was regularly seen from Day 3 of in vitro embryogenesis onwards.
In contrast to the 2-to 5-day-old embryos, culture of blastocysts with GH from Day 6 to Day 8 resulted in elimination of glycogen in the treated embryos compared with the control group. No differences, however, were found in the amount and localization of lipid droplets in the cytoplasm of the embryonic cells when examining semithin and ultrathin sections. Nevertheless, the excretion of lipid droplets appeared to be increased in GH-treated embryos. These embryos displayed several lipid vesicles between the plasmalemma of the trophectoderm cells and the zona pellucida, which was not seen in control embryos.
PAS Reaction and Amylase Digestion
In 8-to 10-day-old embryos, all the cells of the embryonic disc were distinctly labeled by the PAS reaction. Approximately two thirds of the trophectoderm cells were weakly stained, and the remaining cells were negative (Fig.  6a) . Staining intensity of the ICM clearly increased from Day 8 to Day 10 ( Fig. 6a, arrow) . Amylase digestion drastically reduced labeling in the embryonic disc (Fig. 6b , arrow) and eliminated staining in the trophectoderm (Fig. 6b) . In contrast to control embryos, 8-day-old embryos cultured with GH from Day 6 to Day 8 revealed only weak staining in the cells of the embryonic disc and in the trophectoderm cells. Amylase digestion of embryos cultured with GH did FIG. 5. Transmission electron microscopy of 8-day-old blastocysts cultured with and without GH. a) Extensive storage of glycogen in the cytoplasm (asterisk) and in the intercellular spaces is seen in the IVF embryo cultured using standard in vitro conditions. ϫ6600. b) Culturing blastocysts in medium supplemented with GH results in elimination of glycogen storage in the embryo. There is no accumulation of glycogen granules in the intercellular spaces (arrows) or in the cytoplasm of the embryonic cells. ϫ15 300.
not alter the staining, indicating that glycogen storage had been eliminated by GH treatment.
DISCUSSION
In the present study, we demonstrated the developmental changes in the expression of GHR and its transcript during bovine preimplantation development. Additionally, expression of GH and GH-related effects on the ultrastructure of bovine IVF embryos were investigated. GHR mRNA was present in the bovine embryo from the early embryonic age of 2 days. GHR immunoreactivity is visible on Day 3 of in vitro embryogenesis. Similarly, in the mouse a time delay between mRNA and protein synthesis has been reported [6, 7] . Whereas GHR transcripts were present from the fertilized oocyte throughout all preimplantation stages, mouse GHR immunoreactivity was not apparent until the two-cell stage [6] .
Our quantification studies of the GHR transcript in the bovine embryo revealed that GHR mRNA synthesis strongly increases from Day 2 to Day 6 of embryogenesis. In D6 embryos, the amount of the GHR transcript reaches the highest level in the course of standard in vitro culture of 7-8 days, which may explain why in our studies the effects of GH on fine morphology were visible in 6-day-old embryos. These findings suggest that sufficient amounts of functional GHR protein already exist at this early embryonic age. During further development, GHR mRNA levels in the 8-day-old embryo decreased to the levels of the 2-day-old embryo. Further studies are necessary to elucidate the role of the up-and downregulation of the GHR mRNA synthesis in bovine preimplantation embryos.
Whereas in the mouse the GHR protein was located in the nucleus of cleaving embryos and in the cytoplasm and plasma membrane of blastocysts [6] , bovine embryos displayed GHR immunoreactivity in the cytoplasm of 3-day- old embryos and both in the nucleus and in the cytoplasm in morulae and blastocysts. The functional significance of a nuclear GHR is currently unclear, but it has been documented in many cell types by a variety of means [29] , and GH itself is taken up into the nucleus [30] . Approximately half of the immunoreactive JAK2 kinase, which mediates GH signalling, is located in the nucleus [31] .
The mRNA encoding GH was detected in hatched blastocysts from Day 8 onwards, indicating that transcription of the GH gene starts at a later stage of embryonic development than does transcription of GHR. The presence of GH transcripts in the early embryo raises the possibility that after early stimulation by maternal GH, later activation of the GHR may be the result of autocrine or paracrine GH action within the embryo.
GH immunoreactivity was not detected in bovine blastocysts between Day 8 and Day 10, indicating that translation of GH mRNA is too low to be detected by immunohistochemistry. This raises the question whether maternal pituitary growth hormone or maternal GH synthesized in the endometrium, in addition to embryonic GH, is involved in receptor activation during the first days of embryogenesis. In the cow, synthesis of GH in the endometrium during the first days of pregnancy has not yet been studied. As soon as the bovine placenta is formed, within the fourth week of pregnancy, placental GH or placental GH-like peptides [32] may act as ligands for the embryonic GH receptor. Contrary to the cow, in mice synthesis of GH mRNA and protein was found by Day 4 of preimplantation development [6] . To determine embryonic GH synthesis, further studies on early bovine embryos older than 10 days are necessary to elucidate the time of commencement of expression of immunoreactive GH.
In sheep, differential splicing of the GHR transcript causes the lack of specific GH binding to fetal liver [33] . In the cow, differential splicing of exon 1 encoding the 5Ј untranslated region of GHR has not been described. As shown in our studies, the bovine GHR transcript, contrary to the ovine transcript, is translated into the GHR protein during the first days of embryogenesis and is functional, as demonstrated by the effects of GH on glycogen storage and lipid transportation processes.
In the adult, GH stimulates growth and differentiation and exerts complex effects on protein, carbohydrate, and lipid metabolism [34] . These effects of GH have been classified as short-term, insulin-like effects such as enhanced glucose utilization and antilipolysis and long-term, insulinantagonistic effects such as impairment of glucose utilization and stimulation of lipolysis [35] . In the embryo, the role of GH on metabolism is still unclear. Transmission electron microscopy suggests that GH exerts distinct actions on the carbohydrate metabolism of bovine blastocysts. Embryos cultured under standard in vitro conditions regularly revealed excessive glycogen accumulation from Day 3 onwards. Conversely, in embryos treated with GH, glycogen storage in the cytoplasm and in the intercellular spaces was eliminated. These results obtained by transmission electron microscopy were confirmed by PAS and amylase digestion, which demonstrated that glycogen is the most abundant carbohydrate in the ICM of embryos cultured in vitro. When comparing 2-, 3-, and 5-day-old embryos treated with GH, no differences in amount and distribution of glycogen were found. However, culture of blastocysts with GH from Day 6 to Day 8 resulted in elimination of glycogen stores, indicating that functional GH receptors exist from Day 6 of embryogenesis onwards. Possible mechanisms for the elimination of glycogen in the embryonic cells are 1) impairment of glucose transport, 2) inhibition of glycogen synthesis, and 3) increase in glycogenolysis. Because a recent study showed that mouse blastocysts responded to a 60-min exposure to bovine GH with increased glucose transport [6] , the elimination of glycogen is likely due to a decrease in glycogen synthase activity or an activation of the glycogenolysis pathway. Glucose is the preferred energy substrate during in vitro development from the morula onwards [36, 37] . Thus, the reported effects of GH during in vitro culture, such as higher rates of blastocyst formation [11, 12, 38] and improvement of the implantation rate in IVF programs [38] , might partly be a result of higher availability of glucose, both from increased uptake and increased glycogen utilization.
As shown by semithin sections, the number of lipid droplets in embryonic cells was not altered by GH treatment. Transmission electron microscopy, however, revealed an increase in exocytosis of lipid vesicles, suggesting that GH might influence lipid transportation processes.
Our studies show that GHR mRNA and protein are synthesized from Days 2 and 3 of embryonic life onwards. The GH receptor is functional, as shown by the effects of GH on embryos cultured in vitro such as elimination of glycogen and increase of lipid exocytosis. Thus, the actions of GH during early embryogenesis add new aspects regarding the role of hormones in controlling early embryonic development.
